Flowering synchrony can play an important role in plants' reproductive success, which is essential for the successful establishment and spread of invasive plants. Although flowering synchrony has been found to be closely related to climatic factors, the effects of variation in such factors along latitudinal gradient on flowering synchrony and the role of flowering synchrony in the reproductive success of invading populations remain largely unexplored. In a 2-year field study, we examined the latitudinal variation of flowering phenology, especially flowering synchrony, in an invasive plant, Spartina alterniflora, along coastal China, and its relationship with population seed set across three climatic zones. We found that first flowering date was delayed, and flowering synchrony increased with increasing latitude. Flowering synchrony was negatively related to temperature during flowering season but not to soil properties or precipitation, suggesting that climate has shaped the latitudinal pattern of flowering synchrony. Moreover, a positive correlation between flowering synchrony and seed set across latitudes indicates the possible role of flowering synchrony in the latitudinal pattern of sexual reproduction in S. alterniflora. These results suggest that, in addition to the effects of climate on the growth of invasive species, climatic factors can play an important role in the invasion success of alien plants by regulating the flowering synchrony and thus the reproductive success of invasive plants.
Introduction
A high capacity for sexual reproduction is an important characteristic affecting the invasiveness of plants [1] . Even for invasive clonal species, seeds play an important role in their spread within the introduced range [2, 3] . Flowering synchrony, the tendency of individuals within a population to flower at the same time, plays an essential role in the sexual reproductive success of plants [4] , because it has considerable effects on pollination efficiency and hence seed set, especially in wind-pollinated plants [5] . Previous studies have found that flowering synchrony and seed production vary from year to year and from site to site in many plant populations, and researchers have attributed this to climatic factors [6] [7] [8] [9] , suggesting that flowering synchrony can be driven by climatic conditions. Nevertheless, the question of how variation in climate along a large geographical gradient influences flowering synchrony and related reproductive success of invading populations is poorly understood, despite its importance for our understanding of the effects of climate on biological invasions.
Flowering synchrony can be especially important for introduced populations of alien plants. Founder populations often experience sexual reproductive failure due to their small population size and resultant limits on mating [10] . Synchronous flowering can reduce this problem by increasing pollination efficiency among individuals in the population [11] , leading to greater seed set, an increased possibility of successful naturalization, and thus an accelerated expansion rate. Therefore, geographical variation in flowering synchrony may affect the probability of naturalization and the variation in the speed of spread of an invasive species in different regions.
Latitude represents a complex environmental gradient, including temperature and solar radiation, which influence the growth and reproduction of plants [12] . Along a latitudinal gradient, the differences in temperature may contribute to the variation in a series of plants' flowering characteristics. A delay in flowering time with increasing latitude is predicted by the bioclimatic law [13] , and has also been verified by experimental studies [14] . Also, at higher latitudes, the growing season is shorter, which usually means that the temperature during seed maturation is more likely to drop quickly. The relatively unfavourable environments at higher latitudes constrain the period with good conditions for fruit maturation and seed production [4, 15] . Therefore, flowering within a short period (i.e. a shorter length of flowering season) can be advantageous for plants to escape low-temperature damage on seed maturation, which may result in an increase in flowering synchrony at the population level. Another reason why the importance of synchronous flowering increases with latitude is that the density of flowering individuals may decrease with latitude [16, 17] , thus an increase in flowering synchrony of the population can compensate for the decreased opportunities for mating due to a reduction in density of flowering individuals [5] . Despite this, latitudinal variation in flowering synchrony has not been examined empirically, especially for the introduced populations of alien plants.
Spartina alterniflora Loisel (smooth cordgrass) is a global invasive marsh plant whose large-scale range expansion depends primarily on sexual reproduction [18] , and outcrossing plays an important role in its sexual reproductive success [19] . Spartina alterniflora is native to the Atlantic coast of North and South America [18] , and was intentionally introduced into the coastal salt marshes of China for the purpose of soil amelioration and dike protection in 1979 [20] . Since then it has expanded to a latitudinal range from 198N to 398N along the east coast of China [18] , covering three climate zones (marginal tropical, subtropical, and warm temperate zones). Thus, it is an ideal plant for the study of latitudinal variation in flowering synchrony in an invasive species. The species inhabits intertidal salt marshes [21] , which vary with latitude in growing conditions such as temperature, nutrient availability and salinity (but not in water availability because of daily tides) [22] . This environmental variation may result in variation in flowering synchrony and consequently seed set across latitudes. Although previous studies have demonstrated that the reproductive success of many plant species declines near the edges of their geographical range [16, 17, 23] , the average seed set per ramet of S. alterniflora increases with latitude within its range in China [24] . Since flowering synchrony can be especially important for the reproductive success of windpollinated plants [5] , and previous studies have found that synchronous flowering results in higher seed set [25] , we hypothesize that a delay in flowering time, a reduction in flowering season length and thus an increase in flowering synchrony with increasing latitude might be largely responsible for the latitudinal variation in seed set.
In this study, we performed a two-year field survey along a latitudinal gradient in China to investigate the effect of climatic factors on the flowering phenology of S. alterniflora, and the relationships between flowering phenology and seed set. We aimed to address three specific questions: (i) How do within-population flowering synchrony and phenology vary with latitude? (ii) What is the relationship between flowering synchrony and temperature during the flowering season? (iii) Is flowering synchrony associated with the latitudinal variation in S. alterniflora seed set along coastal China?
Material and methods
(a) The study species: its sexual reproduction Spartina alterniflora is wind-pollinated, protogynous and partly self-incompatible [19, 26] . It flowers from late summer to autumn, and has a panicle containing tens to hundreds of spikelets, each of which contains a single ovule and then at most one mature seed. The protogynous interval of S. alterniflora averages 3.4 d with a range of 2.3-5 d [26] , while the longevity of pollen is only a few hours [27] , and self-fertility of S. alterniflora ranges from 0% to 52% within a population in its native range [26] . The protogyny and probable self-incompatibility suggest that its ramets are primarily cross-pollinated by neighbouring ramets with identical or different genotypes, so a low density of conspecifics nearby can result in pollen limitation and reduced seed set, slowing the spread of this species at the invading front [19] . The mature S. alterniflora seeds that fall on soil surfaces can be predated by animals such as crabs [28] . Seeds are dispersed by floating on tide waters or adhering to waterfowl [29] .
Although S. alterniflora can expand clonally by rhizomes, sexual production is critical for its spread [18] . Sexual reproduction enables the species to spread by seeds, resulting in isolated patches, and by clonal spread these patches join to form closed stands. In mudflats without previous vegetation, the expansion rate of S. alterniflora by sexual reproduction (i.e. via seeds) was found to be 10 times higher than that by asexual propagation (i.e. via rhizomes) [30] .
(b) Study site and field survey
The survey was conducted at five coastal sites on the Pacific Coast of China, spanning a range of over 3500 km (electronic supplementary material, figure S1a and table S1). In 2013, we established monitoring quadrats at three S. alterniflora marsh sites: Tianjin (39.18 N, 117 .88 E), Shanghai (31.68 N, 121 .88 E) and Zhanjiang (20. 98 N, 110.28 E). At each site, three locations along the coast, separated by 2 km, were selected (electronic supplementary material, figure S1b). At each location in Tianjin and Shanghai, where the S. alterniflora patches produced by seeds had joined to form closed stands through clonal growth, three fixed quadrats (0.5 m Â 0.5 m) were established at a distance of more than 50 m between quadrats (electronic supplementary material, figure S1c). At each location of Zhanjiang, where S. alterniflora formed isolated patches, three S. alterniflora patches with a diameter larger than 10 m and distance of more than 50 m from each other were chosen. As growth of individuals at the edge and centre zones of a patch can be significantly different in salt marshes [31] , we set a fixed quadrat on the seaward edge, on the landward edge and in the centre of each patch, and the three quadrats together were treated as a single sample in the study. To avoid Allee effects arising from spatial isolation [19] , we placed all quadrats at least 50 m away from the pioneering rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181072 edge (the expansion front; electronic supplementary material, figure S1c), and at least 10 m away from the nearest tidal channel. A distance of 50 m away from the pioneering edge also enabled us to control the variation in plant age among latitudes, because the age of the plant increased gradually from the invasion front to the landward side. In 2014, using the same procedures employed in 2013, we reset the monitoring quadrats and continued our field monitoring at the above-mentioned three sites, and expanded the survey with two other sites: Lianyungang (34.88 N, 119.28 E) and Ningde (26.78 N, 119 .68 E), where S. alterniflora formed closed stands.
From May to November in both 2013 and 2014, we conducted regular field surveys. Each quadrat was visited biweekly, and all flowering ramets were counted and tagged with nylon plastic labels, so the flowering time of each ramet could be determined. We defined flowering ramets as the ramets of which the panicle had emerged from the uppermost leaf, regardless of its specific flowering stage ( panicle emergence only, stigmas only or anthers). This criterion is relatively easy to quantify objectively and can thus reduce the possibility of errors. At the end of the flowering season, the total number of ramets (TN), the total number of ramets that flowered (FN) and the average height of 10 randomly selected ramets were recorded in each quadrat.
During the surveys in 2014, panicles were sampled to determine seed set. Ramets in each quadrat that had flowered were divided into several groups according to their flowering time. In each group, the panicles of three randomly selected ramets were bagged with a sulfate paper bag to collect any shattered mature seeds. Bagging was performed four weeks after flowering, so the date of bagging varied among different groups in a quadrat. The bagging had little influence on the pollination as the panicle of S. alterniflora is available for pollination for only about 10 days after flowering [19] . The bagged panicles were sampled 4 weeks after being bagged and taken back to the laboratory, where each spikelet on the panicles was inspected using a magnifying glass. For each panicle, we counted the seed and spikelet number, and calculated the seed-spikelet ratio as the seed set.
(c) Quantification of flowering phenology and seed set Flowering date and variation in flowering date was evaluated in each quadrat. The relationship between date (day of year) and the cumulative flowering density (the ratio of cumulative number of flowered ramets on the date to total number of ramets that had flowered by the end of season) was fitted to Richards's growth equation [32] , from which the first flowering date (FFD; the date on which the first ramet flowered), and the last flowering date (LFD, the date on which the cumulative flowering density reached 95%) was estimated (electronic supplementary material, method S1 and figure S2). We used flowering season length (FSL) at the quadrat level to represent the divergence of flowering dates among the ramets in a quadrat. The FSL was defined as the interval between FFD and the senescence date of the last flowering panicle [33] , which was estimated by adding the period available for pollination of a panicle (approx. 10 days) [19] to LFD in this study.
We calculated two measures of flowering synchrony. The first was the synchrony index within quadrat (SI qua ), which describes the flowering synchrony between two neighbouring ramets by averaging the flowering synchrony index of each ramet to other ramets within the quadrat. The synchrony index within location (SI loc ) describes the synchronous level between two ramets with different genotypes, was calculated by averaging the flowering synchrony index of each ramet to the ramets in the other two quadrats within the same location. Both of the two measures were used because the self-fertility of S. alterniflora can be up to 50% in some populations [26] , thus we cannot completely rule out the possibility of successful pollination between different ramets in the same clone. Additionally, SI qua and SI loc were significantly correlated (t 44 ¼ 8.724, R 2 ðmÞ ¼ 0:637 and p , 0.001 in a mixed model where the random part was quadrat nested in location, location nested in latitude, and latitude nested in year). We used the average of SI qua and SI loc as the measure of the flowering synchrony index (SI) of the population. Flowering synchrony of a ramet with other ramets (SI i ) was calculated according to Augspurger [34] , which is considered to be appropriate for comparisons among populations [33] :
where n is the total number of ramets that flowered, a ij is the days on which jth and ith ramets are simultaneously flowering, and a i is the days on which the ith ramet is flowering. In our study, the period within which a panicle was available for pollination was 10 days, as observed in a previous study [19] . Reproductive success in each quadrat was estimated through the mean seed set, which was quantified by the weighted mean of the seed set of the panicles that flowered at different times:
where n i is the number of flowered ramets between time i 2 1 and i, and N refers to the total number of ramets that flowered during the flowering season in each quadrat. SS i is the mean seed set of the panicles flowered between time i 2 1 and i in each quadrat. We used the mean index for each site to fill the few missing data in some quadrats, where tags were removed or the tagged panicles destroyed (12%, 13% and 7% in Tianjin, Lianyungang and Ningde, respectively).
(d) Measurement of environmental variables
Temperature [8] , precipitation [9] , environmental stress [35] and nutrient availability [36] have been reported to influence flowering phenology and reproduction of plants, so we measured a series of environmental variables, including the mean of daily mean temperature (T ) and daily precipitation (Pre) during the flowering season, soil salinity, soil nitrogen content (soil N) and soil available phosphorous content (soil P). T and Pre were obtained from the Climatic Data Center of National Meteorological Information Center of the China Meteorological Administration (http://data.cma.cn; electronic supplementary material S1 and table S1). At the last survey at each latitude in 2014, five soil cores of 30 cm depth from each quadrat were sampled, and mixed, and soil N was analysed using a NC analyser (FlashEA 1112 Series, Thermo Inc., Milan, Italy), salinity was measured by a standard conductivity meter (S30 SevenEasy conductivity, Mettler, Toledo, OH), and soil P was measured by extraction with sodium bicarbonate [37] . Since all the quadrats were located in the low marshes which are submerged daily by tides, our study systems were all water-saturated wetlands, so water availability did not need to be considered.
(e) Statistical analyses
Considering the nested data structure (quadrat nested in location, location nested in latitude and latitude nested in year) in our study, we treated the quadrat as a replicate and used linear mixed models to deal with the effects of spatial grouping and repeated measures. Linear mixed effects models were performed with the 'nlme' package (function 'lme') [38] in R software v. 3.2.3 [39] , and the variance explained by the fixed factor (marginal R [40] in R.
The latitudinal pattern of flowering phenology descriptors (FFD, LFD, FSL, total number of ramets that flowered and flowering synchrony index) were analysed with linear mixed effects models, where the fixed part was 'latitude', and the random part was 'location nested in latitude' and 'latitude nested in year'. We specified the variance structure in the models if homoscedasticity and normality assumptions were violated (electronic supplementary material, method S2) [41] . As different flowering predictors may be correlated with each other (for example, shorter FSL may be associated with higher flowering synchrony), and multiple testing of the latitudinal patterns increases the 'familywise' type I error rate [42] , we used a Holm's sequential Bonferroni method [42] to adjust the a level.
The latitudinal variations in seed set, other plant traits (spikelet number per panicle, average ramet height, total number of ramet) and environmental factors, including mean temperature during flowering season, mean precipitation during flowering season, soil total nitrogen content, soil salinity and soil available phosphorous content were also analysed with linear mixed effects models, where 'latitude' was treated as the fixed effect, and 'location nested in latitude' as a random effect. 'Year' was not included as a random effect in these models because seed and soil sampling were not performed in 2013. The variance structure was also specified in the models if homoscedasticity and normality assumptions were violated.
To assess how the variation in flowering synchrony within the latitude (at the local scale) was dependent on mean temperature during flowering season, we used linear mixed models, where SI was the dependent variable, plant traits (total number of ramets that flowered, total number of ramets, average ramet height) and environmental factors (mean temperature during flowering season, mean precipitation during flowering season, soil total nitrogen content, soil salinity and soil available phosphorous content) as fixed effects, and 'location nested in latitude' as the random part. The multicollinearity of explanatory variables in the mixed model was examined by variance inflation factors (VIFs) according to Zuur et al. [43] , and the cut-off of VIF was 4. The plots of model residuals with respect to each explanatory variable were used to check for homoscedasticity and normality, and a variance structure was specified if the assumption was violated.
To examine how the variation in flowering synchrony across latitudes (at the regional scale) was dependent on mean temperature during flowering season, we used linear regression models, where SI was the dependent variable, plant traits and environmental factors (as described above) were explanatory variables. Although quadrats from the same latitude were not independent from each other, in the model we added a series of environmental factors that may affect flowering synchrony, rather than only considering mean temperature as the explanatory variable, so the results should be less affected by the non-independence. The model was estimated by generalized least square (GLS) in the 'nlme' package (function 'gls'), and the multicollinearity of explanatory variables was examined with the 'car' package (function 'vif') [44] in R. A variance structure was specified if homoscedasticity and normality of residuals were not met. Only data from 2014 were used to address the relationship between synchrony index and environmental variables because soil sampling was not performed in 2013.
To study how the variation in seed set within each latitude or across latitudes was dependent on flowering synchrony, we used a method similar to that assessing the relationship between flowering synchrony and temperature. In the models, seed set was depended variable, SI, total number of ramets that flowered, total number of ramets, average ramet height, spikelet number, mean precipitation during flowering season, soil total nitrogen content, soil salinity and soil available phosphorous content were explanatory variables. Again, only data from 2014 were used in this analysis because soil and seed sampling were not performed in 2013.
Five quadrats (two quadrats at Tianjin in 2013 and the three in one patch at Zhanjiang in 2014) were accidentally destroyed. We were unable to determine the seed set of the panicles which flowered at the end of flowering season at three sites (Tianjin, Lianyungang, Ningde). However, these panicles only constituted a small fraction and had little influence on the mean seed set of the quadrat.
Results (a) Latitudinal variations in flowering phenology, seed set and environmental factors
The FFD and LFD were both later at higher latitude (FFD: (b) Relationships between flowering synchrony and temperature at local and regional scales
In the model accounting for the variation of flowering synchrony within the latitude (at the local scale), soil P was excluded from the model because of multicollinearity (VIF: 4.355). We found a negative effect of T and a positive effect of FN on SI, while the effects of other factors (TN, height, soil N, salinity and Pre) were all nonsignificant (table 1) .
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Soil P and height were related to other factors in the model accounting for the variation of flowering synchrony across latitudes (at the regional scale, VIF: 5.760 and 4.419). After excluding the two factors from the model, a negative effect of T, a positive effect of FN, and a marginally negative effect of TN on SI were found, while the effects of soil N, salinity and Pre were not significant (table 1) .
(c) Relationships between seed set and flowering synchrony at local and regional scale FN and soil P were excluded from the mixed model explaining the variation of seed set within the latitude (at the local scale), because they were related to other explanatory variables (VIF: 11.329 and 7.642). Model results showed that soil N had a positive effect and Pre had a negative effect on seed set at local scale, while the effects of SI, TN, height, SN and salinity were not significant (table 1) . Soil P and height were not included in the model explaining the variation of seed set across latitudes (at the regional scale) after a multicollinearity analyses (VIF: 6.724 and 7.665). Seed set increased with increasing SI, soil N and SN at the regional scale, but was not affected by FN, TN, salinity or Pre (table 1) .
Discussion
The question of how climatic factors influence the reproductive success of plant species by regulating flowering synchrony has intrigued ecologists for decades [5, [7] [8] [9] , while the relationships among these expanding populations of invasive plants have not been investigated. Nor has the relationship between flowering synchrony and reproductive success of invading plant populations across a large latitudinal scale been investigated. Our results show that temperature was likely to drive flowering synchrony to vary with latitude, and that flowering synchrony was associated with the latitudinal pattern of seed production in the invasive plant S. alterniflora in coastal China. These results shed light on the processes by which climatic factors influence the reproductive success of invasive plants.
(a) Possible factors driving the latitudinal variation in flowering synchrony
In this study, the shorter flowering season at higher latitudes might have resulted from increased flowering synchrony among individuals (figure 1d), rather than reduced density of flowering individuals (figure 1c), and temperature was associated with the latitudinal variation in flowering synchrony (table 1 and figure 2a) . In environments in which temperature is low and often drops sharply late in growing season, the timeframe favourable for reproduction is relatively short [4, 15] . Hence, increasing flowering synchrony with latitude may be advantageous for the individuals to avoid low-temperature damage on reproductive organs during maturation of seeds. Also, when T was controlled for, flowering synchrony was higher when there were more ramets that flowered (FN, table 1). As T but not FN was related to latitude (electronic supplementary material, figure S3f; figure 1c), the former was more likely to be the driver underlying the latitudinal variation in flowering synchrony.
(b) Relationships between flowering synchrony and seed set
Flowering synchrony was positively related to seed set at the regional scale (table 1) . Although seed set also increased with spikelet number and soil nitrogen content, regression model results showed that the effect of flowering synchrony was significant even when spikelet number and soil nitrogen content were controlled for (table 1) . Since this species is windpollinated and largely outcrossing [19] , and the longevity of pollen is limited [27] , our data suggest that flowering Table 1 . Effects of plant traits and environmental factors on flowering synchrony index (SI) and seed set of S. alterniflora. The factors are: total number of ramets that flowered (FN), total number of ramets (TN), average height of the ramets (height), spikelet number per panicle (SN), mean temperature during flowering season (T), mean precipitation during flowering season (Pre), soil total nitrogen content (soil N), soil salinity (salinity) and soil available phosphorous content (soil P). Significant parameters are noted in bold. '-' is shown for a factor if it was excluded from the model after collinearity analysis. rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181072 synchrony partially determines the variation in seed set of S. alterniflora across latitudes by modulating pollen limitation. At a local scale, seed set was affected by soil nitrogen content and precipitation but not flowering synchrony (table 1), suggesting that resource availability was more important than flowering synchrony in accounting for variation of seed set at a given latitude. The non-significant relationship between seed set and flowering synchrony at the local scale was likely to have resulted from the weak response of seed set to flowering synchrony at the lowest latitude (red dots in figure 2b ) and the two highest latitudes (azure and blue dots in figure 2b) . At the lowest latitude, spikelet number per panicle was lower than at the other four sites (electronic supplementary material, figure S3b), which probably resulted in insufficient pollen availability and a nonsignificant response of seed set to a change in flowering synchrony within the latitude. At the two highest latitudes, the relationship between seed set and flowering synchrony might have reached saturation, so seed set showed little response to increasing flowering synchrony. This is consistent with a previous study in which adding pollen to individuals in a highly synchronous population did not have any effect on their seed set [25] .
It should be noted that temperature was negatively correlated with flowering synchrony in our study, and extreme high temperatures may have reduced seed set [45] . Thus, we cannot rule out the possibility that lower seed set at lower latitudes was a direct result of increasing temperature rather than decreased flowering synchrony. Spartina alterniflora performs best at typical summertime temperatures [46] , suggesting that this species tolerates high temperatures, therefore, the probability that climate directly inhibits seed development at lower latitudes in our study is low.
(c) Implications for understanding the effects of climatic factors on biological invasions
The results found in this study provide insights into the geographical pattern of biological invasions. Questions of how the richness of alien plants vary with latitude [47] , and how the spread speed of invasive species differs from site to site [48] , are of much relevance to invasion biology, because these questions are important for the management of invasive plants at a large scale. Our results on latitudinal variation in flowering synchrony and seed reproduction of S. alterniflora suggest that the decreased seed set at lower latitudes may make founder populations of this species more subject to Allee effects [11] , contributing to invasion failure or reduction in invasion speed in this region [48] .
Understanding how flowering synchrony varies across latitudes may help researchers to predict the effect of climate change on biological invasions. Studies of the relationship between climate change and biological invasions have focused mostly on the effect of rising temperature on individual traits of the invasive species, such as the growth rate and per capita reproductive output [49] . Our results reveal another aspect of warming, namely that climatic factors can affect the fitness of invasive plants (i.e. reproductive success in this study) by influencing their population-level traits (i.e. flowering synchrony in this study). An increase in temperature during flowering season might result in reduced flowering synchrony, a mismatch among flowering individuals, and thus a reproductive failure of S. alterniflora. The effects of climate change on the interactions among individuals within a population of the invasive plants needs to be considered in future assessments.
In conclusion, our results show that flowering synchrony in S. alterniflora increased with latitude along coastal China, and this latitudinal pattern is most likely to be driven by temperature during flowering season. The relationship between flowering synchrony and seed set across latitudes indicates that flowering synchrony plays an important role in the latitudinal pattern of seed set in S. alterniflora. The results obtained from this study contribute to our understanding of the effect of climatic factors on the reproductive success of invasive plants, and suggest that climate change can influence plant invasions by regulating a populationlevel trait of alien plants.
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